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Introduction
One of the most remarkable features of Roux-en-Y gastric bypass surgery (RYGB) that makes it a superior therapy to other interventions is its ability to elicit clinically significant weight loss that is sustained over long periods of time [1, 2] . Additionally, 70% to more than 90% [3] [4] [5] of patients with type 2 diabetes (T2D) who undergo RYGB experience remission. Multiple hypotheses have been put forward regarding the mechanisms behind these beneficial effects of the surgery, including a role for enteroendocrine signaling [6] [7] [8] , alterations to the intestinal microbiome [9] [10] [11] , and augmented intestinal energy use [12] . In particular, after RYGB, the intestine exhibits evidence of structural and metabolic reprogramming that appears to enhance use of energetic fuels including glucose and amino acids (AAs) [12, 13] .
A substantial number of prior studies have demonstrated significant changes in peripheral blood levels of metabolites, including AAs [14] [15] [16] [17] [18] , sphingolipids [15, 19] , tricarboxylic acid (TCA) cycle intermediates [19] , and fatty acids [15, 18, 19] in human patients and in rodents. As a direct conduit between the intestine's mesenteric drainage and the liver, the portal vein (PV) is the major source of hepatic venous blood supply. In addition to intestinal metabolic reprogramming, RYGB elicits dramatic alterations in hepatic gene expression that suggest a shift in metabolic substrate use in the liver [20] [21] [22] . We performed untargeted metabolite profiling in PV blood using a liquid chromatography mass spectrometry (LC/ MS)-based approach, which can delineate thousands of metabolites simultaneously, to isolate the effects of RYGB on metabolites within the gut-liver axis. This was performed in lean, RYGB-operated rodents to identify metabolites altered as a result of the surgery itself, rather than to obesity treatment.
Materials and Methods

A. Animals
The animal experiments and animal care were performed in compliance with and were approved by the Boston Children's Hospital Institutional Animal Care and Use Committee. Male Long Evans rats were used for the studies. Animals were individually housed and were maintained on 12-hour light, 12-hour dark cycle (lights on at 7 am) in facilities with an ambient temperature of 19°C to 22°C and 40% to 60% humidity.
B. Rodent Surgical and Postsurgical Procedures
Animals were fasted overnight before surgery. Seven RYGB and 5 sham operations were performed. During the surgical procedures, rats were maintained on inhalation anesthesia (isoflurane 1%-4%). Rats were fasted for the first 24 hours after the surgery. After evaluating the health and behavior of each animal, a liquid diet was reintroduced 48 to 72 hours following the operation. Beginning on postoperative day 7, the rats were switched to their preoperative diet. To achieve comparable body weight in RYGB-and sham-operated animals, and to mitigate the higher postoperative body weight gain classically observed in sham-operated rats, we restricted the food intake of sham-operated animals during the postoperative phase.
C. Roux-en-Y Gastric Bypass
The total length of the small intestine was measured, the ligament of Treitz was identified, and the jejunum was divided at the appropriate distance downstream of this ligament. An end-to-side jejuno-jejunostomy and a gastrojejunostomy were created with a 7-0 silk or Prolene (Ethicon, Inc.) running suture. A pouch was created by transecting the stomach. The gastric artery was preserved and only the small vascular branches were cauterized. The laparotomy was closed with a 5-0 polydioxanone (PDS) suture in 2 layers. After surgery, body weight was recorded at least twice weekly.
D. Sham Surgery
A laparotomy was performed, as in RYGB surgery. Then, a loop of jejunum was divided and subsequently repaired with suture. The skin was closed in 2 layers. The postoperative recovery and observation were performed exactly as described for RYGB animals.
E. Blood Collection
Following a 4-week postsurgical recovery period, animals were fasted overnight. Animals were euthanized with CO 2 . Portal blood was collected via syringe using a 27-gauge needle. Peripheral blood was collected by aortic puncture.
F. Analysis
LC/MS-based analytical methods were used to measure the metabolome in serum from portal and peripheral blood, as described previously [23] . These methods included C8-positive (lipids and nonpolar metabolites lipids of known identity and thousands of unknown peaks), C18-negative (free fatty acids, eicosanoids, bile acids, and metabolites of intermediate polarity), hydrophilic interaction liquid chromatography (HILIC)-positive (AAs, AA metabolites, acylcarnitines, dipeptides, and other cationic polar metabolites), IC-negative (intermediates in the glycolytic pathway, TCA cycle, organic acids, and thousands of unknown peaks) and HILICnegative (sugars, organic acids, purines, pyrimidines, and other anionic polar metabolites). Coefficient of variation for each assayed metabolite is included in supplemental data (available at doi.org/10.6084/m9.figshare.11223302 [24] 
G. Human Data
We reanalyzed untargeted metabolomic data (available at doi.org/10.6084/ m9.figshare.8053553.v1 [24] ) generated by LC/MS from obese patients who had undergone RYGB more than 6 months before blood collection, vs obese control patients [24] . This was compared to metabolomic profiling from rodent peripheral blood. Human samples were reflective of the general bariatric surgery population and were mostly female; detailed demographics are available in the original publication.
H. Statistics
Basic statistical comparisons and pathway and enrichment analyses of the collected metabolomics datasets were performed with Metaboanalyst, which uses known HMDB-labeled metabolites. We used logarithmic transformation and autoscaling of the data (raw values were mean-centered and divided by the SD of each variable). P values were adjusted using the original method of Benjamini and Hochberg, and for t tests, P values of less than 0.05166144201 were defined as "discoveries" based on a false discovery rate (FDR) of less than .05. A table of raw and adjusted P values can be found in the data repository accompanying this paper (available at doi.org/10.6084/m9.figshare.11223302 [24] ). Prism 7 (GraphPad) was used for graphs. SAS version 9.4 and SPSS version 24 were used for the principal component and the correlation and regression analyses.
Results
A. Rodent Peripheral Serum Metabolomic Profiles Reveal Weight-Independent Roux-en-Y Gastric Bypass-Affected Metabolites
To uncover metabolites affected in a weight-independent manner after RYGB, we performed metabolomic profiling in peripheral and portal blood from lean, RYGB-operated rats as compared with sham-operated controls. Rats, which were lean before surgical intervention, neither gained nor lost significant weight across the course of the study (Fig. 1A) , and by the end of the study there was no difference in body weight of sham-operated vs RYGB-operated animals (Fig. 1B) . A total of 405 metabolites were detected in peripheral blood. Of these, 76 metabolites were found to be significantly enriched or depleted in peripheral blood from RYGB-vs shamoperated animals. Among these weight-loss independent metabolites, the gluconeogenic AAs, alanine, glycine, phenylalanine, and tyrosine were increased after RYGB, whereas asparagine and serine were depleted relative to sham-operated animals ( Fig. 2A) . Serine is an important methyl donor for the production of methyl-tetrahydrofolate, and this process generates glycine. The methyl donor choline and its byproduct, dimethylglycine (DMG), were notably also among the most-enriched metabolites in peripheral blood after RYGB (Fig. 2B) . Triacylglycerides (TAG) and diacylglycerols species were variably enriched or depleted in peripheral blood after RYGB, perhaps reflecting enhanced fat turnover after surgery that is weight independent (Fig. 2C) .
Pathway analysis of differentially affected metabolites demonstrated significant enrichment of several processes including those relevant to nitrogen metabolism, one-carbon metabolism (OCM), oxidative phosphorylation (ubiquinone and other terpenoid-quinone biosynthesis), TCA cycle anapleurosis, and sphingolipid metabolism (Fig. 2D ).
We performed principal components analysis (PCA; Fig. 2E ) to reduce our data set into smaller metabolite lists descriptive of the whole dataset. Of 396 metabolites detected in all 12 animals, we identified 11 PCs describing the variance in our data ( Fig. 2F) , and using the 11-factor solution we compared scores for RYGB-vs sham-operated animals, finding a significant difference for PC1 (P = .008). Metabolites were assigned to a PC if loadings exceeded that for the other 11 PCs. PC1 was enriched for sphingolipid metabolism, glycerophospholipid metabolism, phenylalanine, tyrosine, and tryptophan biosynthesis, β-alanine metabolism, and glycine/serine/threonine metabolism (Fig. 2G ). Partial least squares discriminant analysis (PLS-DA) was next used to identify those metabolites most highly contributing to the separation between RYGB and sham fingerprints in peripheral blood (Fig. 2H ). This demonstrated 155 metabolites with variable importance in projection (VIP) scores greater than 1.0. The top 15 are shown in Fig. 2I ; the methyl donor, choline, was among the top metabolites separating RYGB and sham fingerprints.
B. Portal Venous Blood Exhibits a Unique Metabolite Fingerprint Reflecting Intestinal Metabolic Reprogramming by Roux-en-Y Gastric Bypass
In PV blood, we detected 405 unique metabolites, of which 48 were significantly depleted or enriched in RYGB-operated animals as compared with sham-operated animals ( Fig. 3A and 3B). Weight-independent metabolites enriched after RYGB included the methyl donor betaine and its metabolite, DMG ( Fig. 3C and 3D ). The lipid messenger N-oleoylethanolamide (OEA) was depleted (Fig. 3E ), as were several species of acylcarnitines (Fig. 3F) , pointing to changes in intestinal lipid metabolism after RYGB. Nitrogen metabolism and OCM were identified among significantly enriched pathways (Fig. 3G) .
After excluding metabolites not measurable in PV blood from all rats included in the study, we performed a PCA of 295 remaining metabolites. As was true in peripheral blood, there was considerable overlap in the fasting metabolomic profile of portal blood from RYGB-and sham-operated animals (Fig. 4A) . However, heat maps for known (Fig. 3B) and unknown (Fig. 4F ) metabolites demonstrate clearly that PV blood exhibits a distinct metabolomic phenotype. Of 11 PCs explaining 100% of the variance in the metabolite levels measured in portal blood (Fig. 4B) , PC scores for PC2 were significantly lower in RYGBthan sham-operated animals (P = .02). PC2 associated most strongly with 48 metabolites and, based on these, 3 pathways were identified as significantly enriched, including glycine/ serine/threonine metabolism (Fig. 4C) . PLS-DA (Fig. 4D ) identified 106 metabolites with Figure 2 . Peripheral blood metabolite profiling. A, Gluconeogenic amino acids, alanine, glycine, phenylalanine, and tyrosine were increased, whereas asparagine and serine were increased in peripheral blood after Roux-en-Y gastric bypass (RYGB) relative to lean controls. B, Choline and dimethylglycine (DMG) levels were increased by RYGB. C, Concentrations of triacylglycerides (TAGs) and diacylglycerols (DAGs) after RYGB. D, Pathways describing changes in the peripheral metabolome after RYGB. E, Principal components analysis (PCA) scores plot and F, scree plot representing peripheral blood samples from RYGB-and shamoperated animals. G, Significant pathways represented by PC1 metabolites in peripheral blood. H, Partial least squares discriminant analysis (PLS-DA) scores plot demonstrating separation of groups primarily along PC1. I, Top 15 metabolites identified by PLS-DA as key discriminating metabolites between the 2 experimental groups (ie, with highest variable importance in projection [VIP] scores). Heat map shows log 2 fold-change in identified metabolites, and all were significant as defined by P less than .05.
VIP scores greater than 1.0. The 15 metabolites with the highest VIP scores are shown in Fig. 4E ; the top pathway distinguishing RYGB vs sham PV fingerprints was glycine/serine/ threonine metabolism.
C. Comparison of Portal and Peripheral Blood Reveals Unique Portal Venous Metabolomic Profiling After Roux-en-Y Gastric Bypass
Portal blood demonstrated a unique metabolomic fingerprint distinct from that of peripheral blood (Fig. 5A and 5B ). Linear regression analysis demonstrated no significant correlation of known metabolites ( Fig. 5E ; R 2 = 0.002, P = .41). PCA of 281 unique metabolites (excluding metabolites not detectable in all samples) from all 4 groups (peripheral RYGB, peripheral sham, portal RYGB, and portal sham) was performed, and we extracted the first 10 of 23 PCs describing the variance in our data (Fig. 5C ). PC1 described most of the variance in our data, and was the major axis describing differences between portal and peripheral profiles. A total of 280 metabolites aligned with PC1, and these functionally contributed to arginine/proline metabolism, aminoacyl-transfer RNA biosynthesis, sphingolipid metabolism, glycine/serine/threonine metabolism, and branched-chain AA (BCAA) biosynthesis (Fig. 5D) . This highlights the biology of the gut-liver axis, perhaps reflecting basal intestinal cell turnover (thus, affecting PV levels of sphingolipids and glycerophospholipids relative to peripheral blood) and AA metabolism within both the intestine and liver.
To determine which portal metabolites might be predicted by peripheral blood metabolites, we performed Pearson correlation between raw portal and peripheral metabolite levels for each metabolite. In our data set, DMG levels in peripheral and PV blood were strongly associated (R = 0.88, P = .0001, FDR-adjusted P = .03), suggesting parallel regulation of OCM in the intestine and liver. C47:1 TAG was also highly correlated (R = 0.84, P = .001, FDR-adjusted P = .05). Among those top anticorrelated metabolites were TAG species A, Principal components analysis (PCA) scores plot representing peripheral blood samples from RYGB-and sham-operated animals. B, Corresponding scree plot. C, PC2 contributed most significantly to the separation between the 2 groups and was enriched for metabolites found by pathway analysis to be important for glycine/serine/threonine metabolism, nitrogen metabolism, and arginine/proline metabolism. E, Top 15 metabolites identified by partial least squares discriminant analysis (PLS-DA) as key discriminating metabolites D), between the 2 experimental groups. E, Heat map shows log 2 fold-change in identified metabolites, and all were significant as defined by P less than .05. F, Heat map demonstrating levels of unknown metabolites in RYGB-and sham-operated animals. Portal and peripheral metabolomic signatures are distinct but for a subset of metabolites, portal concentration can be predicted by peripheral levels. A, Hierarchical clustering with heat mapping demonstrates clearly distinct metabolomic fingerprints in peripheral and portal blood, and less separation between Roux-en-Y gastric bypass (RYGB)-and sham-operated groups. B, Principal components analysis (PCA) scores plot demonstrating separation between blood compartments along PC1 axis. C, Scree plot demonstrating 23 PCs describing variance in data; based on this, we used a 10-factor solution to find those metabolites most aligned with PC1. D, Pathway analysis of PC1 metabolites demonstrates enrichment for several amino acid (AA) metabolic pathways including arginine/proline metabolism and branched-chain amino acid (BCAA) metabolism, sphingolipid, and glycerophospholipid metabolism and glycine/serine/threonine metabolism. E, No correlation was found between average metabolite levels in portal and peripheral blood. AU, arbitrary units. F, Of 354 metabolites significantly enriched or depleted in portal blood (as compared with systemic blood) after RYGB, 33 were uniquely affected after RYGB and not after sham surgery. G, Metabolites significantly enriched or depleted in portal venous blood from RYGB-but not sham-operated rats, as compared with in peripheral blood. Plotted is log 2 fold-change (log(2)FC)).
(C50:6 TAG, R = -0.71, P = .009, FDR-adjusted P = .25; C54:9 TAG, R = -0.82, P = .001, FDR-adjusted P = .07); bilirubin (R = -0.73, P = .01, FDR-adjusted P = .23); and carnitine (R = -0.83, P = .001, FDR-adjusted P = .06), consistent with the liver being a key site for lipid, bile acid, and AA metabolism.
We identified 337 metabolites that were significantly altered in portal vs peripheral blood in sham-operated animals, and 354 metabolites that were significantly enriched or depleted in portal blood from RYGB-operated animals (Fig. 5F ). Of these, 15 were uniquely affected in sham-operated animals and 33 in RYGB-operated animals (Fig. 5G) . Pathway analysis of these 33 uniquely affected metabolites revealed overrepresentation of sphingolipid metabolism (P = .04), and ubiquinone and other terpenoid-quinone biosynthesis (P = .04).
D. Comparison to Roux-en-Y Gastric Bypass-Elicited Weight Loss in Humans
To ask how our findings relate to the metabolomic response to RYGB in obese humans, we next compared rodent peripheral blood to peripheral blood metabolomic signatures of 14 patients at least 6 months after RYGB surgery, vs 11 obese control patients. Of 66 metabolites in human serum that were significantly altered at least 6 months after RYGB as compared to control patients, 11 metabolites were also significantly altered in lean rats after RYGB (compared with sham; Fig. 6A ). Metabolism of AAs including glycine/ serine/threonine metabolism were among the most highly enriched pathways represented by these 11 metabolites (Fig. 6B and 6C ).
Discussion
Data from our group [12, 13] and others [25, 26] highlight an important role for the gut-liver axis to contribute to the metabolic benefits of RYGB, including T2D remission. In this study, we performed PV metabolomic fingerprinting to shed light on metabolic changes elicited in the liver and intestine by RYGB. This was compared to peripheral metabolomic profiling to anchor our model of RYGB in lean animals, and to allow for comparison to what is known about human RYGB.
RYGB's effect on the PV metabolome is assumed to reflect alterations to intestinal physiology and metabolism. Our laboratory's prior work and data from others [25, 26] support a role for intestinal remodeling after RYGB to explain the surgery's dramatic clinical benefits including T2D remission. We have shown that, after RYGB, the Roux limb (RL) demonstrates evidence of proliferation and enhanced metabolism of metabolic fuels including glucose and AA [12, 13] . The findings from this study support these data and provide direct evidence of altered metabolic substrate use in the intestine. PV fingerprinting demonstrated alterations to nitrogen metabolism, which may reflect intestinal reprogramming after surgery. These changes could be due to changes to AA metabolism in intestinal tissue itself, or by gut microbiota; the latter in particular could explain changes to levels of essential AAs and their precursors. Importantly, we found that PV blood exhibits a distinct fingerprint relative to peripheral blood, reflecting its unique position as a carrier of metabolomic information from the intestine to the liver. Although several key pathways were influenced by RYGB in both compartments, this more likely represents similar use of certain substrates in liver and intestine, and overall the 2 signatures did not correlate and exhibited separation when the fingerprints were subjected to cluster analysis.
We demonstrated alteration in levels of several AAs after RYGB. However, although other reports have demonstrated reduction in circulating AA levels, particularly BCAA levels [14, 15, 18, 19] , this was not the case in our study, in which we demonstrated increased levels of selected AAs. We speculate that this could be due to the lean model used for our experiment. In fact, obese individuals exhibit increased serum BCAA levels, and these levels are higher in insulin-resistant patients [27] [28] [29] and rodents [30] . RYGB appears to reverse this obesityassociated hyperaminoacidemia, but until now there has been no study that has tested whether AA levels fall independently of postsurgical weight loss and presurgical body mass index. Our study suggests that this is not the case, and that although RYGB does appear to influence nitrogen metabolism both in lean and obese states, the regulation may depend on the degree of obesity and/or insulin resistance present before surgery.
Although gluconeogenic AAs were, for the most part, unaffected in PV blood, several were enriched in peripheral samples, perhaps reflecting reduced hepatic use as gluconeogenic substrate, and suggesting that RYGB may blunt hepatic gluconeogenesis in a manner independently of weight loss. The liver plays a critical role in regulating whole-body glucose metabolism, and aberrant hepatic glucose metabolism is a key feature of T2D. Hepatic gluconeogenesis has been shown to be reduced by RYGB [31] [32] [33] and may be related to improved hepatic insulin sensitivity. Our laboratory's prior work demonstrated that RYGB elicits enduring changes to the hepatic transcriptomic fingerprint, which is distinct relative to the effect of caloric restriction [13] , implying that these changes are not explained by weight loss or caloric restriction alone. The present study lends support to the concept of weight-loss-independent changes, given that blood was collected after animals had regained weight lost postoperatively.
Hepatic lipid metabolism is another key contributor to whole-body glucose homeostasis and may be entrained by PV metabolite messengers from the intestine. In this study, we found that the lipid messenger, OEA, was depleted in PV blood after RYGB. OEA is produced in the duodenum and jejunum in response to feeding, and serves as an activator of the nuclear receptor peroxisome proliferator-activated receptor α (PPARα). Importantly, OEA was identified as a weight-loss-independent metabolite, despite no Figure 6 . A, Venn diagram demonstrating that, of 76 metabolites significantly affected in peripheral blood of rats after Roux-en-Y gastric bypass (RYGB) (vs sham), and 66 metabolites significantly enriched or depleted in blood from human patients after RYGB as compared with control individuals, 11 metabolites were affected in both experiments. B, Eleven metabolites were significantly affected in peripheral blood after RYGB both in humans and rats. Plotted is log 2 fold-change (log(2)FC). C, Pathway analysis of these 11 metabolites revealed overrepresentation of amino acid metabolism including glycine/serine/threonine metabolism, among other pathways. differences in dietary composition between the 2 groups and despite little to no reduction in food intake chronically after RYGB in rodents [7, 34] . We have previously reported that hepatic PPARα activity appears to be reduced chronically after RYGB as compared with caloric restriction, in tandem changes in hepatic lipid metabolism [13] , thus positioning PPARα as a key transcriptional regulator that may elicit weight-loss-independent metabolic changes in response to the surgery. Our present findings shed light on a potential mechanistic role for reduced intestinal OEA production to entrain these changes in hepatic lipid metabolism, perhaps through PPARα. We hypothesize that reduced PV OEA concentrations may relate to exclusion of the biliopancreatic limb (duodenum) from the flow of nutrient delivery because there was no difference in nutrient intake between the 2 experimental groups.
OCM was found to be altered both in portal and peripheral compartments. Notably, glycine/serine/threonine metabolism was enriched in both locations, and was the top pathway distinguishing RYGB from sham metabolite profiles in PV blood. The choline degradation product, DMG, was enriched both in portal and peripheral blood after RYGB, and the fact that DMG was more dramatically affected in portal blood may contribute to an understanding of why changes in OCM also explained differences between portal and peripheral profiles. We hypothesize that OCM, as an important means for folate donation and thus for methylation, as a key regulatory pathway for gene silencing, may link metabolic changes within the intestine and liver to local changes in gene expression. This could possibly provide a mechanism linking changes in luminal nutrient flow as a result of the surgery to long-term adaptations within the tissue. It may also explain the changes in blood and skeletal muscle methylation levels observed by other groups [35, 36] after surgery. Finally, based on the fact that depletion of the methyl donors choline and methionione results in hepatic lipid accumulation resembling nonalcoholic fatty liver disease (NAFLD) [37, 38] , we hypothesize that enrichment of DMG and betaine in PV blood might relate mechanistically to improvements in NAFLD after RYGB. Importantly, we also found that OCM was enriched in peripheral blood from obese patients after RYGB, signifying that this may be important not only in the case of the lean rodents studied here. However, further study is needed to understand the potential mechanistic role of OCM in the amelioration of metabolic disease including NAFLD after bariatric surgery.
This study is the first to use untargeted metabolomic profiling to characterize the PV metabolite fingerprint after RYGB. It is important to note that LC-MS does not allow for distinction between certain very similar metabolites such as certain hexoses. However, this technology is very sensitive, broad, and robust and considered superior to other analysis methods. We do recognize that significant findings from this study may need to be validated on another platform to confirm specificity for highlighted metabolites, but this study provides an important glimpse into the effects of RYGB on metabolism in the gutliver axis, and fills an essential gap in our knowledge about how alterations in intestinal biology might entrain changes in hepatic metabolism. A strength of this study is the use of an animal model to overcome a technical barrier limiting PV sampling in humans and additionally to remove the confounding variables of obesity and weight loss from the experimental design. Although only male rats were used in this study, the male rat is an ideal model for RYGB in humans and bariatric surgery has been modeled mostly in male rodents. This is largely related to the fact that females are more protected against dietinduced obesity [39] .
In conclusion, in the portal vein, which is the key humoral communication route between the intestine and liver, RYGB elicits key changes in nitrogen in OCM that are independent of weight loss after surgery. We hypothesize that these might link known changes in intestinal and hepatic physiology after RYGB, and that changes in folate metabolism might relate to epigenetic reprogramming of both organs as a mechanism for the beneficial effects of RYGB that have been shown to persist beyond the effects of dieting. Together, these data uncover critical insight into how the surgery influences the gut-liver axis and shed light on potential mechanisms for future study in animals and in humans.
